The evolution of target``race track'' erosion was evaluated experimentally during the conventional DC magnetron sputtering of metal targets with diŠerent Ar gas pressure environments. At gas pressures of 0.38, 0.5, and 1.0 Pa, an aluminum or copper target was sputtered at a DC discharge power of 100 W. At time intervals of several hours, the target was taken out of the chamber and its erosion proˆle was measured with a height gauge. As the sputtering erosion of the target proceeded, the erosion track diameter was almost the same in all sputtering conditions, whereas the track width (full width at half maximum: FWHM) showed quite diŠerent behaviors depending on the gas pressure. At 0.38 Pa, the FWMH increased slightly with increasing sputtering time. On the other hand, at 1.0 Pa, the FWMH decreased with increasing sputtering time.
Introduction
Magnetron discharge has been a key technology that has enabled the adoption of sputtering deposition processes in industry 1, 2) . By applying a magneticˆeld, secondary electrons from the target change their trajectories and travel much longer paths 3) before they reach the chamber wall. As a result, each electron can produce more ions and the discharge can be maintained at low gas pressures. By this, the free path of sputtered atoms becomes longer and higher deposition rates can be achieved. In addition, the thermal load to a substrate is alleviated due to the suppression of electron ‰ux from the cathode target to the substrate.
Since magnetron discharge plasma is not uniform over the target, a``race track'' erosion proˆle is produced on the target as a result of non-uniform ion ‰ux distribution. This erosion is regarded as a serious disadvantage of the magnetron sputtering because it degrades the lifetime usage of the target.
The race track formation problem has encouraged simulation of magnetron plasma in order to predict the race track proˆle depending on the system conˆguration. It includes a Monte Carlo (MC) approach of secondary electrons [4] [5] [6] [7] , an MC＋relaxation continuum model 8, 9) (and the one using the Boltzmann equation for ions 10) ), a simpliˆed MC model of high-energy electrons across trajectory domains 11) , and full Particle-in-Cell Monte Carlo simulations [12] [13] [14] [15] [16] . Good reviews on this topic have been given by Kadlec 17) and Bogaerts et al. 18) The simulations usually reproduced experimental results adequately, but not always. A possible reason for this is the simpliˆed boundary conditions used in the simulation. In most of these plasma simulations, the target surface has been considered as a ‰at boundary. The calculation result was an ion ‰ux distribution onto the target, which was compared with an experimentally obtained erosion proˆle. In many cases, the erosion proˆle was only a single``snapshot'' within the target lifetime (primarily at the end of it), and the eŠect of the target surface geometry evolution on the generated magnetron plasma was ignored.
At higher gas pressures where the length of the collision mean path decreases, the diŠerence in target boundary (on the order of a few mm) may aŠect the plasma structure. In addition, our previous studies 19, 20) have suggested the back deposition of sputtered particles on the target, even at gas pressures as low as 1 Pa. This can lead to target proˆles that are diŠerent from the ion ‰ux distribution. We have, therefore, measured the evolution of the target erosion proˆle as a function of target material and discharge gas pressure. It was found that the racetrack widths changed with sputtering time in diŠer-ent manners depending on the gas pressure between 0.38¿1.0 Pa.
Experiment
The sputter chamber used in this study was a cylinder 201 mm in diameter and 201 mm in height, which could be evacuated with a turbomolecular pump to pressures as low as 5×10 -5 Pa. It was equipped with a magnetron sputter cathode that was located at the symmetric axis of the chamber. Aluminum and copper disks 75 mm in diameter and 5 mm in thickness were used as sputtering targets. They were sliced from rods of JIS A 1050 (Al) and JIS C 1020 (Cu) and polished to use as sputtering targets. The distance between the target surface and the top plate of the chamber was 82 mm. In this study, no substrate holder was introduced in the chamber.
The conˆguration of the magnet was also axisymmetric. Before the sputtering experiment, we took the magnet out of the magnetron cathode and measured the magneticˆeld proˆle with a gauss meter (F. W. Bell, model 4048) by moving the probe laterally at diŠerent heights in 5 mm step. The results within the r-z plane is shown in Fig. 1 . The dot-dashed arrow at the left of thê gure is the symmetric axis. Along with the vector map of the magneticˆeld proˆle, the cathode, the target, and the shield (anode) of the sputter gun are also displayed in theˆgure. The magnetic ‰ux is slightly unbalanced between the south-pole center magnet and the north-pole ring magnet. Therefore, as approaching to the target surface, the radial position where the z component of the magneticˆeld (B z ) is zero moves outward from the center. After the evacuation of the chamber, argon gas was introduced into the chamber through a mass ‰ow controller to achieve the gas pressures of 0.38, 0.50, and 1.0 Pa. The gas pressure was measured by a capacitance manometer (Megatorr, CDLD-0107J). Then, DC power of 100 W was applied by a power source (MDX-500, Advanced Energy), and the magnetron discharge was generated.
At time intervals of several hours, the target was taken out of the chamber, placed on a linear stage, and its erosion proˆle was measured with a height gauge (resolution 0.01 mm). With 0.5¿2 mm lateral steps, the height data of the target surface were recorded. The proˆles were taken along two orthogonal diameters which wereˆxed throughout the sputtering of the target. After the measurement, the tilt of the target surface was removed using several data points at both ends.
Results and Discussion
The dependence of the discharge voltage on the sputtering time (while the discharge power was kept at 100 W) is shown in Fig. 2 . The discharge voltage had a peak in an earlier period, and then gradually decreased. We suspect that the peak was due to the aŠected layer introduced by the machining, but we do not yet have a clear explanation on this. The decrease of the discharge voltage may be due to the target erosion and the appearance of a stronger magneticˆeld in the discharge volume, which enhanced the plasma conˆnement and decreased the discharge impedance. Figure 3 shows erosion proˆle snapshots (in log scale) at 4, 12, 20, and 34 h of sputtering of the Al target at an Ar gas pressure of 0.38 Pa. If a constant sputtering emission proˆle was maintained throughout the life of the target, the proˆle could be given in terms of the constant factor of other proˆles. The sputtering emission proˆle, however, was not constant. From proˆles such as these, the peak depth, track diameter, (i.e., separation of peak positions), and full-width at half maximum (FWMH) of the peak were determined. In addition, assuming the axisymmetry of the proˆle around the center between the two peak positions, the erosion volume was also calculated. Figure 4 displays the sputter time dependencies of the track depth and the volume. The growth rates of the depth and the volume were almost constant but they decreased slightly at the later period of the target lifetime. The erosion rate was distinctly diŠerent between Al and Cu, re‰ecting the diŠerence in sputtering yields of both elements 21) . Since the sputtering yield of Cu is larger than that of Al, for Ar ion bombardment in the energy range of this experiment (350¿500 V), erosion occurred more rapidly on the Cu targets. On the other hand, the gas pressure dependence was more subtle, but it should be noted that the peak growth [in Fig. 4(a) ] was faster but the volume growth [in Fig. 4(b) ] was slower for higher gas pressure conditions (1.0 Pa).
The discrepancy between the growth rates of the peak depth and the volume could be ascribed to the shape of the erosion proˆle, namely, the acuity of the proˆle. Figure 5 shows the growth of the track diameter and the FWHM of the proˆle. In thisˆgure, the horizontal axis was chosen to be the peak depth to compare the shape of the racetrack between the two elements. The plotted data were the averages obtained along two crossing diameters, and the typical uncertainty of the value for (a) was ±0.1 mm. For (b), it was ±0.3 mm for the shallower region (º1 mm depth) and ±0.15 mm for the deeper region (À3 mm depth).
The race track diameter [ Fig. 5(a) ] showed a slight increase in all sputtering conditions. No clear dependence on the target material or argon gas pressure was observed. We consider that this outward movement of the peak position with sputtering time originated from the magneticˆeld proˆle of our unbalanced magnetron conguration. In usual magnetron discharge, the most dense plasma is formed along the position where B z ＝0. In our magnetron, as shown in Fig. 1 , this position is further from the axisymmetric axis as approaching to the target surface. Therefore, as the target sputtering erosion proceeded and the target surface went down, the magnetron plasma was considered to have shifted outward, and the region of highest ion bombardment was also further from the center of the target.
The evolution of erosion width [ Fig. 5(b) ] showed a clear and interesting dependence on sputtering conditions. While the width increased slightly with sputtering at 0.38 Pa, it decreased at the higher gas pressure of 1.0 Pa. At the median pressure of 0.50 Pa, the time dependence was also the intermediate; the track width was mostly unchanged.
The increase in FWHM with increasing peak depth at low gas pressure can be understood by the discussion above. As the ‰ux proˆle swept the target, the erosion proˆle became wider than the ‰ux proˆle itself. We need, however, other explanations for the cases at higher gas pressures where the racetrack width decreased with increasing sputtering time. For this, there are two possibilities: (1) the re-deposition of sputtered metal atoms onto the target, which modiˆes the surface proˆle, or (2) the bombarding argon ion ‰ux proˆle is aŠected by the gas pressure.
We do not support (1) by the following reason. If back-deposition plays an important role, the eŠect should be more apparent for the lighter mass element (Al) because the lighter the sputtered atom is, the more back-scattering tends to occur by collisions with Ar gas atoms. However, we obtained rather a narrower proˆle for the Cu target, which has a heavier atomic mass than Al.
For (2), the higher gas pressure frequently results in a higher electron density and lower electron temperature if the discharge power is constant. This results in a shorter shielding length and hence a shorter sheath (as well as presheath) width. Therefore, the plasma was more sensitive to the surface proˆle of the target, and a narrower proˆle was achieved as the track became deeper. In addition, in the simulation study reported by Bultnick and Bogaerts, 15) it was suggested that the stronger magnetiĉ eld (up to ¿1 kG) led to a narrower erosion proˆle at 1 Pa. We consider that this eŠect is more apparent in higher gas pressure cases where the collision mean free path is short and the plasma is more sensitive to the change in the geometry of the target surface. More studies, including plasma diagnostics and experiments with diŠerent discharge powers, are scheduled in the near future.
Summary
We measured the evolution of the target erosion prole for unbalanced magnetron sputtering with two kinds of metal targets and diŠerent gas pressures. As the erosion of the target proceeded, the deepest position of the race track was almost the same in all sputtering conditions, whereas the width of the erosion proˆle was diŠer-ent depending on the discharge gas pressure. At 0.38 Pa, the width was almost identical between Cu and Al, and increased slightly with increasing sputtering time. On the other hand, at 1.0 Pa, the width decreased with increased 26 264
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sputtering time. We consider that the latter derives from the change in plasma distribution aŠected by the change in target surface geometry in the high gas pressure case. Financial support by PEGASUS Software Inc. is gratefully acknowledged. The authors wish to thank Mr. Yuuki Kadoi for his assistance with the experiments.
